Caspases play an important role as mediators of cell death in acute and chronic neurological disorders. Although peptide inhibitors of caspases provide neuroprotection, they have to be administered intracerebroventricularly because they cannot cross the blood-brain barrier (BBB). Herein, we present a nanocarrier system that can transfer chitosan nanospheres loaded with N-benzyloxycarbonylAsp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoromethyl ketone (Z-DEVD-FMK), a relatively specific caspase-3 inhibitor, across BBB. Caspase-3 was chosen as a pharmacological target because of its central role in cell death. Polyethylene glycol-coated nanospheres were conjugated to an anti-mouse transferrin receptor monoclonal antibody (TfRMAb) that selectively recognizes the TfR type 1 on the cerebral vasculature. We demonstrate with intravital microscopy that this nanomedicine is rapidly transported across the BBB without being measurably taken up by liver and spleen. Pre-or post-treatment (2 h) with intravenously injected Z-DEVD-FMK-loaded nanospheres dose dependently decreased the infarct volume, neurological deficit, and ischemia-induced caspase-3 activity in mice subjected to 2 h of MCA occlusion and 24 h of reperfusion, suggesting that they released an amount of peptide sufficient to inhibit caspase activity. Similarly, nanospheres inhibited physiological caspase-3 activity during development in the neonatal mouse cerebellum on postnatal day 17 after closure of the BBB. Neither nanospheres functionalized with TfRMAb but not loaded with Z-DEVD-FMK nor nanospheres lacking TfRMAb but loaded with Z-DEVD-FMK had any effect on either paradigm, suggesting that inhibition of caspase activity and subsequent neuroprotection were due to efficient penetration of the peptide into brain. Thus, chitosan nanospheres open new and exciting opportunities for brain delivery of biologically active peptides that are useful for the treatment of CNS disorders.
Introduction
Focal or global cerebral ischemia activates caspase-3 by inducing cleavage of its proform in ischemic neurons (Asahi et al., 1997; Chen et al., 1998; Namura et al., 1998) . The regional distribution of cleaved caspase-3 corresponds to the area destined to infarct. It has been reported that caspase-3 inhibitors increased cell survival after ischemia, which strongly supports a cell death effector role for caspase-3 in ischemic brain injury (Hara et al., 1997; Chen et al., 1998; Ma et al., 2001) . Similarly, knocking out the caspase-3 gene is associated with resistance to brain ischemia (Schielke et al., 1998) . Hence, the inhibition of caspase-3-like protease activity is of great interest and may have therapeutic significance for the treatment of cerebral ischemia as well as for several other neurological disorders in which caspase-mediated cell death plays an important pathophysiological role (Chen et al., 1998; Thornberry and Lazebnik, 1998; Schulz et al., 1999) .
The peptide N-benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoromethyl ketone (Z-DEVD-FMK) is a relatively specific and irreversible caspase-3 inhibitor, and it reduces susceptibility to neuronal cell death (Hara et al., 1997; Thornberry and Lazebnik, 1998; Schulz et al., 1999; Ma et al., 2001) . Although this molecule is unable to cross the blood-brain barrier (BBB), Hara et al. demonstrated that Z-DEVD-FMK can reduce both infarct size and behavioral deficits when given intracerebroventricularly (Hara et al., 1997) . Therefore, the development of an effective delivery system is needed to provide sufficient peptide concentration in the brain to prevent cell death.
We previously reported that brain delivery of Z-DEVD-FMK could be feasible by way of nanospheres directed to the trans-ferrin receptor (TfR) in the mouse (Aktaş et al., 2005) . The transferrin receptor type 1 is highly concentrated on the brain capillary endothelium, and it may trigger receptor-mediated transport across the BBB via transcytosis (Jefferies et al., 1984; Pardridge et al., 1991) . On systematic administration to mice, polyethylene glycol (PEG)-overcoated chitosan (CS) nanospheres conjugated with an anti-mouse TfR monoclonal antibody (TfRMAb) were localized to the brain parenchyma outside the vascular compartment, whereas the unconjugated nanospheres could not penetrate into the brain (Aktaş et al., 2005) . This demonstrated that these novel nanospheres were promising carriers for the transport of the anti-caspase peptide Z-DEVD-FMK into the brain. The nanocarrier system we used in the present study was also made up of PEG-overcoated CS nanospheres conjugated with monoclonal anti-mouse TfR antibody via biotin (BIO)-streptavidin (SA) noncovalent binding. These nanospheres take advantage of the ability of cationic CS to interact with negative charges on the brain endothelium along with the affinity of TfRMAb for the transferrin receptor to trigger receptor-mediated transport across the BBB (Fig. 1) . Moreover, the TfRMAb used (R17217) provides selective targeting to the brain because it is not taken up by other tissues such as liver and kidney (Lee et al., 2000) .
The purpose of the current study was to evaluate the in vivo efficiency of intravenous administration of this Z-DEVD-FMK nanomedicine in two prototypes of caspase-mediated cell death in the mouse, focal hemispheric ischemia/reperfusion and cerebellar developmental cell death. In addition, we directly demonstrated penetration and accumulation of the nanomedicine in the brain in the intact mouse by using intravital fluorescence microscopy.
Materials and Methods

Materials
Ultrapure chitosan hydrochloride salt Protasan UP CL 113 (CS ⅐ HCl), number average molecular weight (M n ) 5.4 ϫ 10 4 , weight average molecular weight (M w ) 8.0 ϫ 10 4 (determined by size exclusion chromatography with multiangle laser light scatter) (Lamarque et al., 2005) , with 14% acetylation degree [determined by 1 H nuclear magnetic resonance (NMR)] and the caspase inhibitor peptide Z-DEVD-FMK were purchased from FMC Biopolymers and Enzyme Systems, respectively. Pentasodium tripolyphosphate (TPP), trifluoroacetic acid (TFA), maleimidobenzoyl N-hydroxysuccinimide ester (MBS), Traut's reagent (2-iminothiolane), and polyethylene glycol 5000 monomethyl ether (MeO-PEG-OH, M n 5055, (M w ) 5088, determined by matrix-assisted laser desorption/ionization-time-of-flight) were purchased from Sigma-Aldrich. Functional-grade purified antimouse CD71 (transferrin receptor) (clone: R17217, catalog no: 16-0711) antibody was received from eBioscience. Acetonitrile was purchased from Carlo Erba Reagenti. All other reagents used were of analytical or pharmaceutical grade.
Synthesis of CS-PEG
CS ⅐ HCl (100 mg, 0.50 mmol) was dissolved in H 2 O (14.3 ml). MeO-PEG-OCH 2 CO 2 H has been synthesized from a commercially available MeO-PEG-OH according to known procedures (Royer and Anantharmaiah, 1979) . MeO-PEG-OCH 2 CO 2 H (17.8 mg, 3.47 mol, M n 5114) and N-hydroxysuccinimide (NHS) (2.03 mg, 0.018 mmol) were then added to the solution. Finally, N-(3-dimethylaminopropyl)-NЈ-ethylcarbodiimide hydrochloride (EDC ⅐ HCl) (27.1 mg, 0.141 mmol) was added in portions due to its instability. The resulting solution was stirred at room temperature for 22 h and then was ultrafiltered (Amicon, YM30) and lyophilized to yield CS-g-PEG (CS-PEG) as white foam (105 mg). The degree of PEGylation of this sample was 0.6% as determined by 1 H NMR (2% DCl in D 2 O).
Synthesis of CS-PEG-BIO
CS-PEG-BIO was synthesized following the same procedure as described above for CS-PEG from CS ⅐ HCl (100 mg, 0.50 mmol), HO 2 C-PEGbiotin (14.6 mg, 3.65 mol, M n 4030) (Fernandez-Megia et al., 2007) , NHS (1.87 mg, 0.016 mmol), and EDC ⅐ HCl (27.0 mg, 0.141 mmol). After ultrafiltration and lyophilization CS-PEG-BIO was obtained as white foam (110 mg). The degree of PEGylation of this sample was 0.6% as determined by 1 H NMR (2% DCl in D 2 O).
Preparation of TfRMAb-free chitosan nanospheres
CS, CS-PEG, or CS-PEG-BIO nanospheres were prepared by the ionic gelation of TPP and CS, CS-PEG, or CS-PEG-BIO according to the procedure previously developed by Calvo et al. (1997) for the preparation of CS nanospheres. Briefly, CS nanospheres were formed upon dropwise addition of 1 ml of TPP aqueous solution (0.4 mg/ml) to 1 ml of CS aqueous solution (1.75 mg/ml). Likewise, CS-PEG and CS-PEG-BIO (1 mg/ml each) nanospheres were prepared by dropwise addition of 0.4 ml of TPP aqueous solution (0.84 mg/ml) to 1 ml of each of the corresponding aqueous polymer solutions. These solutions were then stirred at medium speed at room temperature.
Z-DEVD-FMK-loaded nanospheres were obtained according to the same procedure, with the polymer/TPP ratio remaining unchanged. Z-DEVD-FMK was incorporated in the polymer solution before the addition of the TPP. To evaluate the effect of drug dosage on the inhibition of caspase-mediated cell death, two concentrations of the peptide were incorporated into the nanospheres. Briefly, Z-DEVD-FMK concentration in the nanosphere suspensions was either 200 or 800 ng/ml. Nanospheres were isolated by ultracentrifugation (10,000 rpm, 4°C, 60 min) in the presence of 10 l of glycerol and then resuspended in water by manual shaking.
Preparation of TfRMAb-conjugated nanospheres
The SA/TfRMAb conjugates were prepared according to the procedure described by Yoshikawa and Pardridge (1992) . Briefly, 1 mg of SA was dissolved in 100 l of borate buffer containing 0.1 M EDTA and 5 l of 2-iminothiolane (4 mg/ml). After being stirred for 90 min at room temperature, thiolated streptavidin was purified by dialysis in 0.05 M phosphate buffer, pH 6.5. In a parallel fashion, 100 l of TfRMAb solution (1 mg/ml) was stirred with 5 l of MBS solution (5 mg/ml in dimethylformamide) for 30 min at room temperature to transform some of the amino groups into maleimide groups. Then, this TfRMAb solution was added to the above-described SA solution. After being stirred for 30 min, the mixture was purified by dialysis.
SA/TfRMAb conjugate (10 l) was added to lyophilized CS-PEG-BIO nanospheres (1 mg) previously resuspended in deionized water (100 l); this suspension was incubated for 30 min. Loading of Z-DEVD-FMK was performed in the same conditions as for TfRMAb-free chitosan nanospheres (suspensions containing either 200 or 800 ng/ml).
Characterization of nanospheres
Measurements of the size and zeta potential of the nanospheres were performed in triplicate by photon correlation spectroscopy and laser Doppler anemometry, respectively, using a Zetasizer Nanosystems 3000 HS (Malvern Instruments). The size measurements were performed at 25°C at a 90°scattering angle, and each measurement was recorded for 180 s.
The amount of drug loaded onto the nanospheres was calculated from the difference between the total amount of the peptide used for the encapsulation process and the quantity of the nonencapsulated drug, which still remained dissolved in the suspension medium. Briefly, the nanosphere suspension loaded with Z-DEVD-FMK was subjected to ultracentrifugation (10,000 rpm at 4°C for 1 h). The amount of free peptide was then measured in the clear supernatant by RP-HPLC method using a Hewlett-Packard Agilent 1100 apparatus with HP CHEMSTATION software and a C18 RP column (250 ϫ 4.6 mm; particle size 5 m; Waters). Water:acetonitrile (80:20) containing 0.1% TFA was used as the mobile phase with a flow rate of 1 ml/min. Column effluent was monitored by UV absorption at 215 nm (Aktaş et al., 2005) . The peptide loading capacity (LC) and the peptide association efficiency (AE) were calculated according to the following equations: % LC ϭ 100 ϫ (total peptide amount Ϫ free peptide amount)/nanosphere weight and % AE ϭ 100 ϫ (total peptide amount Ϫ free peptide amount)/total peptide amount.
Evaluation of in vitro Z-DEVD-FMK release from CS-PEG-BIO/SA-TfRMAb nanospheres
For release studies, isolated nanosphere suspensions (1 mg/ml) were incubated in 1 ml of PBS, pH 7.4, at 37°C under light agitation. At varying time points, the supernatant was isolated by centrifugation at 10,000 rpm for 20 min at Ϫ4°C, and the amount of Z-DEVD-FMK released was measured by RP-HPLC.
Demonstration of nanosphere penetrance to the brain
We used intravital fluorescent microscopy to monitor distribution of nanospheres in the intact mouse brain after systemic administration (n ϭ 6 per conjugated or unconjugated nanosphere-injected group). For this purpose we loaded nanospheres with Nile red, which emits intense fluorescence, is not biodegradable, and can reliably be detected by spectrophotometry in addition to being efficiently loadable to nanospheres (Gessner et al., 2001) . We chose Nile red as it was hydrophobic and hence could be retained longer on the nanospheres compared with the watersoluble Evans blue, which otherwise shares the above-described features with Nile red (Greenspan et al., 1985) . Mice were anesthetized with isoflurane during surgery and with urethane (750 mg/kg, i.p., followed by 500 mg/kg 30 min later) during the experiment. Body temperature was monitored by a rectal probe and maintained at 37.0 Ϯ 0.2°C by a homeothermic blanket control unit (Harvard Apparatus). Pulse rate and oxygen saturation were monitored by an oxymeter using a mini Y clip on the left lower extremity (V3304 Tabletop Pulse Oximeter; Surgivet). A cranial window of 5 ϫ 5 mm was opened over parietotemporal cortex, leaving the dura intact to maintain physiological conditions. The window was sealed with dental acryl and then filled with artificial CSF at 37°C (in mM; 124 NaCl, 5 KCl, 1.25 NaH 2 PO 4 , 1.3 MgSO 4 , 2.4 CaCl 2 , 25 NaHCO 3 , and 10 glucose; pH ϭ 7.4). Fluorescent images were captured under a Nikon Eclipse E600 microscope with a modified stage at 100ϫ magnification in a dark room by using camera (Nikon DXM1200) and NIS Elements Advanced Research (v.2.32, Nikon) software. Sequential images were recorded before (baseline) and 1, 5, 10, 20, and 30 min after the systemic injection of nanospheres, and then every 15 min for 3 h using the same exposure time and gain settings. Images were saved in TIFF format and the mean fluorescence intensity of the area imaged was calculated with the same software. Changes in fluorescence intensity from baseline were assessed after injection of the antibody-conjugated and unconjugated nanospheres. At the end of 1 h, three mice of six (per group) were transcardially perfused with saline to flush intravascular content and, the brain, liver, and spleen were extracted. Tissues were immediately frozen and kept at Ϫ80°C until use. Liver, spleen, and one hemisphere of each brain were used for the detection of tissue Nile red concentration spectrophotometrically. Fresh-frozen, coronal, 20-m-thick sections were obtained from the other hemisphere (n ϭ 3 per group). Sections were fixed with 96% alcohol for 10 min, washed with PBS, and then immunostained with FITC-conjugated goat anti-rat IgG antibody (Sigma, 1:100 and 1:200) at room temperature for 60 min to detect the nanospheres conjugated with TfRMAb (rat IgG2a), coverslipped with mounting medium containing Hoechst 33258 to counterstain the nuclei. Negative controls were carried by omitting the anti-rat IgG antibody.
Detection of tissue Nile red concentration
Three groups (Nile red-loaded nanospheres conjugated with anti-TfR antibody, Nile red-loaded nanospheres unconjugated with TfRMAb, and the sham-operated group) were studied for detection of Nile red concentration in the brain, liver, and spleen (n ϭ 3 mice per group) (Greenspan et al., 1985) . One hemisphere was weighed and homogenized (25% w/v) on ice in 25 mM HEPES, pH 7.4. Briefly, 3 ml of 1% phosphoric acid was added to 500 l of homogenate to precipitate proteins. Then, 3 ml of butanol was added to extract the lipid phase. The mixture was vortexed for 1 min at 2000 rpm and then centrifuged at 2500 ϫ g for 15 min. The upper butanol phase contained the extracted lipids. Nile red has an absorbance peak at 549 nm in butanol. Thus, the absorbance of the upper phase was measured with a spectrophotometer (Shimadzu UV 1700) at 549 nm and the amount of Nile red was determined by a calibration curve.
Focal cerebral ischemia model
To investigate the pharmacological activity of Z-DEVD-FMK-loaded nanospheres on brain ischemia, the temporary intraluminal filament occlusion method was used. Swiss albino mice weighing 18 -22 g were housed under diurnal lighting conditions (12 h darkness and 12 h light). Before the experiment, the mice were fasted overnight but allowed ad libitum access to water. Animal housing, care, and application of experimental procedures were all done in accordance with institutional guidelines. All animal experiments described in this and the previous section were approved by Hacettepe University Ethics Committee . Mice were anesthetized with 50 mg/kg intraperitoneal ketamine (Ketalar; Parke-Davis) and 10 mg/kg intraperitoneal xylazine (Alfazyne; Alfasan). Body temperature was monitored by a rectal probe and maintained at 37.0 Ϯ 0.2°C by a homeothermic blanket control unit (Harvard Apparatus). Systolic blood pressure was monitored noninvasively by using a cuff and tail probe (NIBP controller; AD Instruments). Pulse rate and oxygen saturation were monitored by an oxymeter using a mini Y clip on the left lower extremity (V3304 Tabletop Pulse Oximeter; Surgivet).
Proximal occlusion of the right middle cerebral artery (MCA) was performed with a nylon filament, as described previously (Huang et al., 1994) . Briefly, after a midline incision, the right common carotid artery and external carotid artery were ligated with a 5-0 silk suture. To induce ischemia, a nylon filament (8-0) was inserted into the common carotid artery through a small incision proximal to the bifurcation and advanced in the internal carotid artery up to the origin of MCA (10 mm from the bifurcation) (Gürsoy-Ozdemir et al., 2000) . The distal 3 mm of 8-0 filament was coated with silicone resin/hardener mixture (Xantropen M Haereus Kulzer, and Optosil-Xantropen Activator, Bayer). A flexible probe (PF-318 of PeriFlux PF 2B; Perimed) was placed over the skull (2 mm posterior, 6 mm lateral to the bregma) away from large pial vessels to monitor the regional cerebral blood flow (rCBF) by laser Doppler flow-metry. After obtaining a stable 10 min epoch of preischemic rCBF, the MCA was occluded. rCBF was monitored during 20 min of ischemia and the first 10 min of reperfusion. Reperfusion was accomplished by pulling the filament back.
Neuroprotection study groups
To evaluate the neuroprotective effect of the nanospheres, five groups of mice were subjected to 2 h of proximal MCA occlusion and 24 h of reperfusion. The control group (n ϭ 8) received drug unloaded (i.e., blank) CS-PEG-BIO/SA-TfRMAb nanospheres. The TfRMAb-free group (n ϭ 6) received CS-PEG-BIO nanospheres (unconjugated with TfRMAb) loaded with 188 ng of peptide/mg nanospheres. The low-dose group (n ϭ 6) received CS-PEG-BIO/SA-TfRMAb nanospheres loaded with 50 ng/mg Z-DEVD-FMK. The high-dose group (n ϭ 6) received CS-PEG-BIO/SA-TfRMAb nanospheres loaded with 188 ng/mg Z-DEVD-FMK. In these four groups, nanospheres (1 mg of nanosphere in 100 l of saline) were administered via the tail vein before inducing the ischemia. The post-treatment group (n ϭ 6) received CS-PEG-BIO/SA-TfRMAb nanospheres loaded with 188 ng/mg Z-DEVD-FMK 2 h after ischemia just before reperfusion. Twenty-four hours after reperfusion, mice were killed and the infarct volumes were calculated as described below.
Neurological evaluation
At 24 h postischemia, neurological deficits were assessed by an observer blinded to the identity of treatment and scored as described previously (Huang et al., 1994) : 0, no observable neurological deficits (normal); 1, failure to extend left forepaw on lifting the whole body by the tail (mild); 2, circling to the contralateral side (moderate); 3, leaning to the contralateral side at rest or no spontaneous motor activity (severe).
Evaluation of infarct volume
After 2 h of ischemia and 24 h of reperfusion, mice were anesthetized with a lethal dose of chloral hydrate (400 mg/kg, i.p.). Mice were transcardially perfused with heparin followed by 4% paraformaldehyde and then decapitated. Brains were stored in 4% paraformaldehyde for 48 h and then sectioned coronally to 2-mm-thick slices starting from the frontal pole. Slices were embedded in paraffin. Five-micrometer-thick coronal sections were prepared from the posterior surface of each slice and stained with hematoxylin and eosin.
The infarct was defined as the area showing reduced eosin staining under light microscopy. The boundaries between areas of infarction and adjacent normal brain were clearly delineated. The size of infarct area was measured using image analysis software (NIH ImageJ 1.59). The areas of noninfarcted tissue ipsilateral and contralateral to the occluded side were measured. Infarct area was calculated using an indirect method, in which the noninfarcted region in the ischemic hemisphere was subtracted from the total surface area of the contralateral hemisphere (Swanson et al., 1990) . Infarct volume was then calculated by multiplying each sequential infarct area by 2 mm, which is the distance between sections. The infarct volume is presented in cubic millimeters.
Caspase-3 activity in ischemic brain tissue
To evaluate the effect of nanospheres on caspase-3 activity in the ischemic hemisphere, three additional mice each from the control group, TfRMAb-free group, high-dose group, and a sham-operated group (see below, "Cerebellar caspase-3 activity") were studied. In all groups, the nanospheres were administered via tail vein before inducing ischemia. After 2 h of ischemia and 1 h of reperfusion, the mice were killed and their brains were assessed for caspase-3 activity as described below. One hour of reperfusion was selected because caspase-3 activity reportedly peaks at this time point (Ma et al., , 2001 .
Brains were weighed and homogenized (20% w/v) on ice using homogenizer in a buffer containing 25 mM HEPES, pH 7.4, 2 mM EDTA, 2 mM EGTA, 2 mM DTT, 5 mM MgCl 2 , 0.1% Triton X-100, and 10 g/ml protease inhibitor mixture. The homogenates were centrifuged at 4°C, 12,000 ϫ g for 20 min. The clear supernatants were used for caspase-3 activity and protein determination. All assays were done at least in duplicate. Caspase-3 activity was determined using the ApoScreen Kit from ICN Biomedicals. Briefly, 25 l of sample was added to a well in a 96-well plate. Each well already contained 100 mM HEPES, pH 7.4, and 2 mM DTT. The reaction was initiated by the addition of the fluorogenic caspase-3 substrate (N-acetyl)-Asp-Glu-Val-Asp-7-amino-4-trifluoromethylcoumarin (Ac-DEVD-AFC) (final concentration 200 M). To confirm that enzyme activity was related to caspase-3, parallel samples were incubated for 25 min with the competitive inhibitor Z-DEVD-FMK (final concentration 40 M) before addition of the substrate. Activity was measured at baseline and after 35 min using the fluorescence level (excitation 400, emission 505 nm) detected by a SpectraMax M2 spectrophotometric plate reader and SOFTmax Pro 3.1.1 software (Molecular Devices). Caspase-3 activity was calculated from the slope as fluorescence units per milligram of protein per minute of reaction time as a difference between substrate utilization velocity in the samples with and without caspase-3 inhibitor. This measurement was then converted to picomoles of substrate cleaved per milligram of protein per minute, based on a standard curve for amino-4-trifluoromethylcoumarin. Protein concentration in the supernatant was determined by the Bradford assay.
Cerebellar caspase-3 activity
We also tested the efficiency of the nanospheres loaded with Z-DEVD-FMK to translocate into the brain and inhibit neonatal cerebellar caspase activity. Postnatal day 17 was chosen to study the efficiency of nanospheres because, at this time point, cerebellar apoptosis is still active but the BBB has been closed (Wood et al., 1993; Hallmann et al., 1995) . To confirm that the BBB was closed, BBB-impermeable Evans blue (Sigma, 0.1 ml of 4% solution) was injected into tail vein 1 h before mice were killed. To confirm the presence of caspase-3 activity on postnatal day 17, sections were immunostained with an antibody against the active cleaved form of caspase-3 (caspase-3-p20, Cell Signaling Technology). Mice were deeply anesthetized with an overdose of chloral hydrate (400 mg/kg, i.p.). The brain was removed quickly, and the cerebellum was separated. Cerebella were fixed in 4% paraformaldehyde solution for 1 d followed by cryoprotection in 30% sucrose solution. Twenty-micrometer-thick cerebellar coronal sections were cut on a cryostat. Sections were immunostained with the rabbit polyclonal caspase-3-p20 (1:200) and followed by goat anti-rabbit Cy2 antibody (1:200, Jackson Immunoresearch). Sections were examined under a fluorescence microscope (Nikon Eclipse E600) with appropriate filter sets.
After demonstrating that the BBB was well intact and that there was significant caspase-3-p20 immunostaining in the cerebellum, cerebellar caspase-3 activity was biochemically detected. Three groups of neonatal mice (n ϭ 3 per group) were studied: the sham-operated group, which received vehicle only; the TfRMAb-free group, which received CS-PEG-BIO nanospheres unconjugated with TfRMAb but loaded with 188 ng/mg Z-DEVD-FMK; and the high-dose group, which received CS-PEG-BIO/SA-TfRMAb nanospheres loaded with 188 ng/mg Z-DEVD-FMK. In all groups, the nanospheres were administered via the tail vein. Cerebella were removed 3 h after treatment and stored at Ϫ80°C. Cerebellar caspase-3 activity was determined by the fluorometric method described above.
Sham operations were performed by paratracheal dissection and exposition of the common carotid and internal carotid arteries for the detection of caspase-3 activity. The sham operation was performed by the same anesthesia protocol.
Statistical analysis
Data are expressed as mean Ϯ SEM. Body weight, body temperature, blood pressure, rCBF, neurological deficit score, infarct volume, and caspase-3 activity values were compared with the Kruskal-Wallis test. Statistically significant data were further analyzed with the Mann-Whitney U test. The percentage change in fluorescence intensity between the sequential images acquired during intravital microscopy experiments was compared by Wilcoxon signed rank test. The percentage change between the groups was compared by Mann-Whitney U test. A p value of Յ0.05 was regarded as statistically significant.
Results
Nanosphere preparation and characterization Z-DEVD-FMK was successfully loaded onto the nanospheres. Particle size, zeta potential, Z-DEVD-FMK AE, Z-DEVD-FMK LC values, and loaded peptide amounts are given in Table 1 . As the incorporated amount of the peptide increased, drug loading and particle sizes increased slightly, whereas zeta potential decreased due to the negative charge of the peptide. The loaded amount of the peptide proportionally increased from 50 to 188 ng, as the amount of the peptide used in nanosphere preparation was raised from 200 to 800 ng/ml.
In vitro release of Z-DEVD-FMK from nanospheres
There was no detectable release (n ϭ 3) in vitro from the low-dose sample, which was possibly due to the strong ionic interaction of the small amount of the negatively charged peptide with the polymer. For the high-dose sample, an initial burst release (7 Ϯ 0.2%) occurred, which likely corresponded to the release of the peptide bound at the surface of the nanospheres. This was followed by a sustained release, which yielded discharge of 43 Ϯ 0.9% of loaded Z-DEVD-FMK by 24 h (n ϭ 3) (Aktaş et al., 2005) .
Nanospheres rapidly penetrate brain tissue in vivo
Fluorescence intensity of nanospheres loaded with Nile red was strong enough to monitor nanosparticles in the intact mouse brain with intravital microscopy (n ϭ 12 mice). We were able to differentiate fluorescence coming from the nanosparticles within the brain parenchyma from those in circulation by comparing the recordings obtained after injection of nanospheres unconjugated (n ϭ 6) and conjugated (n ϭ 6) with TfRMAb, which are unable and able to cross the BBB, respectively (Fig. 2) . We observed that fluorescence from the unconjugated nanospheres in circulation peaked at 10 min after systemic administration ( p ϭ 0.04), made a plateau for the next 10 min ( p ϭ 0.89; p values denote the significance of the variation observed between consecutive values) and disappeared by 2 h ( p ϭ 0.04), whereas stronger fluorescence from the conjugated nanospheres continued to increase after the first 10 min ( p ϭ 0.04), made a plateau between 20 and 75 min ( p ϭ 0.69), and was largely sustained by the end of 3 h follow-up period. Subtraction of fluorescence recorded after injection of the unconjugated nanospheres from that of the conjugated nanospheres disclosed that nanospheres started penetrating into parenchyma after the 10th min of injection and reached a peak at 75 min. We confirmed penetration of the nanospheres to parenchyma by fluorescent microscopy on brain sections obtained 1 h after injection. FITC-conjugated anti-rat IgG antibody labeled the nanospheres bearing TfRMAb, clearly demonstrating that the nanospheres were transported across the BBB and dispersed within the extracellular space outside the vessel lumens (Fig. 2C) . 
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Some nanospheres exhibited green as well as red fluorescence, whereas some other nanospheres displayed only green fluorescence possibly because they had released most of the Nile red loaded within an hour. Because of the considerable red background fluorescence mimicking nanospheres (e.g., lipofucsin and perhaps lipid droplets stained with Nile red) it was not feasible to distinguish Nile red-loaded nanospheres without using the FITC-conjugated anti-rat IgG antibody. Accordingly, some of the nanospheres emitting red fluorescence may have gone unidentified if they were detached from the TfRMAb. We also measured Nile red concentration in brain, liver, and spleen tissue homogenates 1 h after injection of unconjugated or conjugated nanospheres (n ϭ 3 per group). The circulation was, however, flushed with saline before sacrificing the animals therefore measurements reflected the Nile red accumulated in the parenchyma without any contribution from nanospheres within the circulation. In these conditions, we found that Nile red was present only in the brain of mice injected with nanospheres conjugated with TfRMAb, which is specific to the transferrin receptor type 1 on cerebral vasculature and is not taken up by liver (Lee et al., 2000) (Fig. 2 B) . Measurements obtained from the mice treated with unconjugated nanospheres were not significantly different from the values obtained from sham-operated mice (n ϭ 3). We also did not detect any Nile red accumulation in the liver and spleen tissue of mice treated with either conjugated or unconjugated nanospheres.
Z-DEVD-FMK-loaded nanospheres inhibit caspase-3 activity and provide neuroprotection
Intravenously administered nanospheres loaded with Z-DEVD-FMK, either at a high or low dosage, significantly decreased the infarct volume compared with the group receiving peptide-free nanospheres (blank) or TfRMAb-free nanospheres (Fig. 3A) . After 2 h of ischemia and 24 h of reperfusion, the infarct volume of the control groups administered with blank CS-PEG-BIO/ SA-TfRMAb or TfRMAb-free nanospheres were 43 Ϯ 4 mm 3 (n ϭ 8) and 50 Ϯ 4 mm 3 (n ϭ 6), respectively ( p Ͼ 0.05). The infarct volumes of the animals receiving the low dose or the high dose of Z-DEVD-FMK before ischemia were 33 Ϯ 3 mm 3 (n ϭ 6) and 26 Ϯ 4 mm 3 (n ϭ 6) ( p Ͻ 0.05), respectively. Post-treatment with the high dose of Z-DEVD-FMK 2 h after ischemia still provided neuroprotection; the infarct volume was 32 Ϯ 2 mm 3 in this group (n ϭ 6) ( p Ͻ 0.05). Treatment with the nanospheres also decreased neurological deficits. Neurological deficit scores 24 h after reperfusion were 2.8 Ϯ 0.2 for the blank group (n ϭ 5), 2.6 Ϯ 0.2 for the TfRMAbfree group (n ϭ 6), 2.0 Ϯ 0.2 for the low-dose group (n ϭ 6), 1.5 Ϯ 0.3 for the high-dose group (n ϭ 4), and 2.3 Ϯ 0.2 for the post-treatment group (n ϭ 6) ( p Ͻ 0.05) (Fig. 3B) .
rCBF, pulse rate, rectal temperature, and tissue oxygen saturation were monitored in all groups (Table 2) . rCBF decreased to ϳ20% of the baseline after MCA occlusion in all groups. After reperfusion, rCBF increased to 90 -100% of the baseline in a time interval of 10 min. There were no significant blood flow differences between the blank, TfRMAb-free, high-dose, and low-dose groups. The mean arterial blood pressure, pulse rate, rectal temperature, and oxygen saturation of groups were also not different. Thus, reduction in the infarct volume and neurological scores by the caspase inhibitor-based nanomedicine could be attributed to its neuroprotective action but not to any possible hemodynamic effects or systemic changes.
In line with the above infarct data, treatment with high-dose Z-DEVD-FMK nanospheres dramatically suppressed caspase-3 activity in the ischemic hemisphere ( p Ͻ 0.05) (Fig. 4) .
Z-DEVD-FMK-loaded nanospheres inhibit cerebellar caspase-3 activity in neonatal mice
Since ischemia causes BBB disruption, there was a possibility that nanospheres could pass into ischemic tissue through disrupted BBB without a need for the TfRMAbdecorated carrier system, although the data from TfRMAb-free group did not suggest this. To unequivocally show that nanospheres can efficiently translocate across the intact BBB, the caspase-3 activity during developmental cell death in cerebellar tissue was used as a proof of concept.
We first detected diffuse caspase-3-p20 immunoreactivity on postnatal day 17 (Fig.  5A) . The BBB was intact at that time period as indicated by the exclusion of BBBimpermeable Evans blue from the cerebellar parenchyma (Fig. 5B) . Hence, postnatal day 17 was confirmed as an appropriate time point to investigate the penetration of peptide-loaded nanospheres into the brain through an intact BBB. In line with immunohistochemical findings, we found substantial caspase-3 activity in the cerebellum of the sham-operated group. This caspase-3 activity was significantly inhibited in the high-dose-treated group but not in the TfRMAb-free nanospheretreated group ( p Ͻ 0.05) (Fig. 5D ).
Discussion
Ischemic stroke is a major health problem. Stroke is, indeed, the third most common cause of death in developed countries, exceeded only by coronary heart disease and cancer. Annually, 15 million people worldwide suffer a stroke. Of these, 5 million die, and another 5 million are left permanently disabled, placing a burden on family and community. Several agents acting on excitotoxic or free radical mechanisms have been tested in Ͼ30 clinical trials, but none have been successful (Kidwell et al., 2001; Green et al., 2003) . The causes of failure are probably multiple, but one possible reason is that these agents act on mechanisms that are activated at the onset of stroke. Therefore, in most of the patients, the damage via these mechanisms had already been inflicted well before the administration of the neuroprotective agent. Accordingly, downstream cascades in ischemic cell death have recently been the focus of interest. One of these targets is caspase-3, the executioner caspase activated by several death pathways, which then degrades many proteins vital for cell survival (Thornberry and Lazebnik, 1998; Zhang and Xu, 2002) . In several rodent models of focal or global ischemia, inhibition of caspase-3 has appeared as a promising target (Hara et al., 1997; Chen et al., 1998; Ma et al., 2001 ). However, the currently available capase-3 inhibitors are small peptides that are unable to cross the BBB (Callus and Vaux, 2007) . Accordingly, these agents can only be administered by intracerebroventricular injection, which is one of the obstacles hindering translation of the progress in this area to the clinic. Of note, a caspase inhibitor, Q-VD-oph has recently been proposed to penetrate the brain after systemic de- Figure 5 . Cerebellum from 17-d-old neonatal mice had a mature BBB and exhibited caspase activity due to ongoing developmental cell death. A-C, Several cerebellar cells were immunoreactive for the active cleaved form of caspase-3, caspase-3p20. Hoechst 33258 staining of the same area identified cell nuclei and illustrated the cerebellar layers. Boxed area in the inset (C) corresponds to the area shown in A-C. Intravenously injected BBB-impermeable fluorescent dye, Evans blue (red), did not leak into the parenchyma but was retained within vessels, showing that the BBB was intact. D, Caspase inhibitor-loaded CS-PEG-BIO/SATfRMAb nanospheres suppress cerebellar caspase-3 activity. Physiological caspase-3 activity was detected in cerebella obtained from postnatal day 17 mice subjected to sham surgery. Treatment with nanospheres loaded with a high dose of Z-DEVD-FMK and conjugated with TfRMAb antibody (High-dose) significantly inhibited caspase-3 activity whereas nanospheres unconjugated with TfRMAb (TfRMAb-free) were ineffective ( p Ͻ 0.05). *Significant difference compared with the sham and the TfRMAb-free group. Scale bars: A-C, 30 m; C, inset, 100 m. prot, Protein.
